Abstract. Data from a prospective study of 3,319 children ages 2 months to 5 years admitted with febrile illness to a Tanzanian district hospital were analyzed to determine the relationship of blood glucose and mortality. Hypoglycemia (blood sugar 2.5 mmol/L and 45 mg/dL) was found in 105 of 3,319 (3.2%) children at admission, and low-normal blood glucose (2.5-5 mmol/L and 45-90 mg/dL) was found in 773 of 3,319 (23.3%) children. Mortality was inversely related to admission blood sugar; compared with children with an admission blood glucose of 5 mmol/L, the adjusted odds of dying were 3.3 (95% confidence interval = 2.1-5.2) and 9.8 (95% confidence interval = 5.1-19.0) among children with admission blood glucose 2.5-5 and 2.5 mmol/L, respectively. Receiver operating characteristic (ROC) analysis suggested an optimal cutoff for admission blood sugar of 5 mmol/L in predicting mortality (sensitivity = 57.7%, specificity = 75.2%). A cutoff for admission blood glucose of 5 mmol/L represents a simple and clinically useful predictor of mortality in children admitted with severe febrile illness to hospital in resource-poor settings.
INTRODUCTION
The association between hypoglycemia (blood glucose 2.5 mmol/L and 45 mg/dL) and severe infection, particularly malaria, is widely recognized, [1] [2] [3] [4] and it has been estimated that between 1.8% and 7.3% of children admitted to the hospital with febrile illness in sub-Saharan Africa are hypoglycemic. 5, 6 True hypoglycemia is a well-known cause of altered consciousness that may require emergency treatment with glucose because of the exclusive dependence of the brain on glucose metabolism. 7 However, independent of its effect on brain function, low blood glucose is also associated with poor clinical outcome in severe infection, and the level of blood sugar may serve as an accessible and objective indicator of severity that could be used to prioritize care in resource-limited settings.
Although the blood glucose cutoff of 2.5 mmol/L for administering glucose as an emergency measure to avert brain damage is relatively well-established, two recent studies have questioned whether the same cutoff is optimal for predicting poor outcome. A study of 418 children with severe malaria in Mali showed that children with low glycemia (defined as 2.2-4.4 mmol/L and 39.6-79.2 mg/dL) had increased mortality. 8 These data are supported by a larger retrospective review of the patient records of children admitted to a hospital in Kenya. 9 To complement these studies, we have analyzed data from a large prospective observational study of children admitted to a hospital with febrile disease in an area of high Plasmodium falciparum transmission to determine the mortality and other clinical features associated with a range of blood glucose cutoffs and establish the optimal level of blood sugar to predict mortality in children with and without falciparum malaria.
METHODS
The study took place in a district hospital in northeast Tanzania serving a largely rural population in an area highly endemic for P. falciparum. These data were collected as part of a study of the etiology of febrile disease in pediatric admissions. Full details of the study have been published elsewhere. 10 Children admitted during daytime hours over a 1-year period with fever or a history of fever ages 2 months to 13 years were screened for eligibility and enrolled in the study after consent procedures. Children under 5 years of age were included in this analysis, because these children represent the group most at risk of malaria and infectious diseases as well as hypoglycemia. This age group includes the majority of admissions. Children with chronic disease other than human immunodeficiency virus (HIV) or malnutrition and children admitted for surgery were excluded. Children were assessed using a standardized interview and examination including pulse oximetry. Height and weight were recorded, and venous blood was taken for aerobic culture (BactAlert, Biomerieux), bedside tests for P. falciparum histidine-rich protein 2 (HRP2) (Paracheck; Orchid Biomedical, Mumbai, Maharashtra, India), hemoglobin concentration, glucose (Hemocue; Anglholm, Skane, Sweden), and lactate (Lactate-Pro; Arkray Inc, Kyoto, Kyoto, Japan). Blood glucose was measured photometrically using the Hemocue 201+ system, 11 with opened microcuvette containers stored at 2-8 C and container contents disposed of within 1 month of opening. Giemsa-stained blood slides were double read independently, and discordant slides were resolved with a third reader. HIV status was tested in all children by serology (Capillus HIV-1, HIV-2 Test; Trinity Biotech, Bray, co Wicklow, Ireland; Determine HIV-1/2 Test; Abbott Laboratories, IL), with discordant results resolved by HIV-1 enzyme-linked immunosorbent assay (ELISA; Vironistika UniForm II Plus-O Test; BioMérieux, NC). 12 Children under 18 months of age with positive serology results were tested for HIV-1 RNA (Abbott Real-Time m2000 System; Abbott Molecular, IL).
Cerebrospinal fluid (CSF) was obtained by lumbar puncture according to hospital protocols (any one of history of multiple or partial seizures, history of seizures in children ages under 6 months or over 6 years, confusion or reduction in conscious level, bulging fontanelle, or neck stiffness). CSF and positive blood cultures were cultured on commercial agar and identified using standard methods. Children were considered to have invasive bacterial disease (IBD) if blood or CSF cultures were positive for pathogenic organisms. Children with hypoglycemia were 3 After the initial assessment, children received routine hospital care administered by the hospital staff; no record was made of any repeat blood glucose measurements. All results were communicated with hospital staff when available.
Hypoglycemia was defined as blood glucose 2.5 mmol/L, raised blood lactate was defined as 5 mmol/L, severe anemia was defined as hemoglobin 5 g/dL, and hypoxia was defined as oxygen saturation of 90% on room air. Severe acute malnutrition (SAM) was defined as any one of following variables: visible severe wasting, bilateral pedal edema, weight for height Z score of less than −3, or mid-upper arm circumference of less than 11.5 cm. Shock was defined as any two of the following factors: severe tachycardia for age, temperature gradient, or capillary refill of greater than 3 seconds. Altered consciousness was defined as a Blantyre coma score 5 on admission. For the purposes of this analysis, children were classified as having severe illness if they presented with SAM, severe respiratory distress (lower chest indrawing), deep breathing, shock, altered consciousness, prostration, or reported more than two convulsions in the previous 24 hours.
Admission outcomes (death or discharge) were recorded. Data were scanned using Teleforms (Verity software) and analyzed using Stata (Stata Version 11). Proportions were tested by χ 2 tests. Logistic regression was used to estimate odd ratios (ORs) and 95% confidence intervals (95% CIs) for the association between hypoglycemia and other variables, with adjusted odds ratios (AORs) adjusting for confounders in the final multivariate logistic regression model. Wilcoxon rank sum was used to compare the median time to death in children with different levels of blood glucose. Receiver operating characteristics (ROCs) from the logistic regression were used to plot the sensitivity and specificity for mortality, blood glucose measures alone, and these factors as part of a model of factors with significant association with mortality.
The study was approved by the Ethics Committees of the London School of Hygiene and Tropical Medicine, United Kingdom (LSHTM Ethics 2087) and the National Institute for Medical Research, Tanzania (NIMR/HQ/R.8a/Vol.IX/392). Written informed consent to participate was obtained from the parent or guardian of each child in the study.
RESULTS
There were 3,327 children ages 2 months to 5 years enrolled in the study over the 1-year period; data on 3,319 children (99.8%; admission blood glucose recording was missing in 8 children) were available for analysis. There were 170 fatalities (case fatality rate [CFR] = 5.1%). P. falciparum was detected by slide microscopy in 2,032 children (61.2%), and invasive bacterial disease was shown in 316 children (9.5%). Hypoglycemia (blood glucose 2.5 mmol/L) was present on admission in 105 children (3.2%), and another 773 children (23.3%) had a blood glucose between 2.5 and 5 mmol/L (45 and 90 mg/dL). Hypoglycemia was more common in children with a positive blood slide for asexual P. falciparum asexual parasites (slide-positive; 80/2,032, 3.9%) than slide-negative children (25/1,287, 1.9%, P = 0.001). Among children who died, 44 of 170 children (25.9%) were hypoglycemic at admission, and another 54 children (31.8%) had a blood glucose between 2.5 and 5 mmol/L.
Factors associated with low blood glucose. Altered consciousness was found in 59 of 105 hypoglycemic children (56.2%) and 73 of 773 children (9.4%) with admission blood glucose between 2.5 and 5 mmol/L. Of 46 hypoglycemic children without altered consciousness, 10 children (22%) showed either deep breathing or jaundice. Table 1 shows factors associated with hypoglycemia in children with and without malaria. In children with malaria, hypoglycemia was associated with age over 1 year (AOR = 2.84, P = 0.01), deep breathing (AOR = 8.55, P 0.001), raised lactate (AOR = 5.36, P 0.001), hypoxia (AOR = 3.02, P = 0.03), invasive bacterial disease (AOR = 1.21, P = 0.054), and hemoglobin as a continuous variable (AOR = 1.16, P = 0.03 for each 1 mg/dL increase in hemoglobin). In children without malaria, hypoglycemia was associated with age (AOR = 3.03, P = 0.04), deep breathing (AOR = 3.48, P = 0.03), visible jaundice (AOR = 12.32, P = 0.008), and invasive bacterial disease (AOR = 2.46, P = 0.06) ( Table 1) .
Relationship of CFR to blood glucose level. CFR in children with hypoglycemia (44/105, 41.9%) was higher than in children with blood glucose 2.5 mmol/L (126/3,214, 3.9%, OR = 17.68, P 0.001). Children with an admission blood sugar of 2.5-5.0 mmol/L had a higher CFR (54/773, 7.0%) than those children with blood glucose 5.0 mmol/L (72/2,441, 2.9%, P 0.001). Decreasing blood glucose was associated with a rise in CFR up to a blood glucose level of 4-5 mmol/L for both slide-positive and -negative children. Correspondingly, compared with children with admission blood glucose 5 mmol/L, children with admission blood glucose between 2.5 and 5 mmol/L had a higher odds of death, regardless of whether they were slide-positive for malaria (OR = 2.59, 95% CI = 1.53-4.38, P 0.001) or slide-negative (OR = 2.24, 95% CI = 1.35-3.70, P = 0.002). In children with a blood glucose 2.2 mmol/L (39.6 mg/dL), CFR was significantly higher in slidenegative children (13/17, 76.5%) than slide-positive children (25/61, 41.0%, P = 0.01) (Figure 1 ).
Factors associated with mortality are shown in Table 2 . In the multivariate model, deep breathing was dropped, because it was strongly correlated with raised blood lactate levels ( 5 mmol/L); also, hemoglobin was no longer strongly associated with mortality. After adjusting for age, hypoxia, shock, altered consciousness, SAM, invasive bacterial disease, and malaria infection, a strong association remained between mortality and hypoglycemia; compared with children with an admission blood glucose of 5 mmol/L, the adjusted odds of dying were 3.3 (95% CI = 2.1-5.2) and 9.8 (95% CI = 5.1-19.0) among children with admission blood glucose 2.5-5 and 2.5 mmol/L, respectively. In the adjusted model, the association between blood glucose of 2.5-5 mmol/L and mortality was similar in slide-positive (AOR = 3.52, 95% CI = 1.79-6.93, P 0.001) and negative children (AOR = 3.58, 95% CI = 1.81-7.05, P 0.001) compared with children with admission blood glucose 5 mmol/L. Mortality in children with jaundice and hypoglycemia was six of eight children (75%). Figure 2A shows that, by itself, a blood glucose cutoff of less than 2.5 mmol/L predicted 25% of the deaths, with a specificity of 90% (Figure 2A ), and that a cutoff of 5.0 mmol/L has 60% sensitivity and 75% specificity. In the multivariate model, with other signs and symptoms in addition to blood glucose, the prediction is more accurate, increasing the area under the curve from 70% to over 90% ( Figure 2B ). The addition of hypoglycemia or blood glucose 5 mmol/L to clinical markers of severe illness improved the proportion of deaths that were identified from 79.4% to 81.8% and 88.8%, respectively (Table 3) .
In 157 of 170 children (92.4%) who had time of death recorded, the median time to death in children with hypoglycemia (9 hours and 51 minutes) was significantly lower than the median time to death for children with blood glucose 5 mmol/L (28 hours and 46 minutes, P = 0.004) but did not differ significantly from children with blood glucose of 2.5-5.0 mmol/L (15 hours and 17 minutes, P = 0.44). Bacterial disease and hypoglycemia. Blood/CSF culture was positive for pathogenic organisms in 316 children; 311 of 316 children (98.4%) had positive blood cultures alone, and 20 of 316 children (6.3%) had positive CSF results, with 15 of 316 children (4.7%) having positive findings in blood and CSF. Positive culture was significantly more common in hypoglycemic children (20/105, 19 .1%) than children with a blood glucose 2.5 mmol/L (396/3,214, 9.2%, P = 0.001). Children with blood glucose of 2.5-5.0 mmol/L had a similar rate of invasive bacterial disease (74/773, 9.6%) to children with a higher blood glucose (222/2,441, 9.1%, P = 0.688). In children with invasive bacterial disease, there was an increased mortality in children with hypoglycemia (OR = 21.0, 95% CI = 7.21-61.20, P 0.001) and children with blood glucose 2.5-5 mmol/L (OR = 3.43, 95% CI = 1.69-6.98, P = 0.001).
Looking at specific bacterial pathogens, Haemophilus influenzae had the strongest association with hypoglycemia (OR = 5.5, 95% CI = 2.2-14.1, P 0.001). Non-typhi Salmonella was the most commonly isolated organism in both hypoglycemic (10/20, 50% of organisms) and non-hypoglycemic children (150/319, 47%). Invasive Streptococcus pneumoniae was not significantly associated with hypoglycemia (OR = 0.7, P = 0.7) ( Table 4 ).
DISCUSSION
Our results show an inverse relationship between mortality and admission blood glucose. The optimum balance between sensitivity and specificity in defining a useful cutoff for increased mortality risk was well above values normally regarded as defining hypoglycemia and also above the level set as a WHO criteria of severe malaria. 7, 13 Thus, children admitted with blood glucose levels usually considered to be in the low-normal range (2.5-5 mmol/L) were almost 2.5 times more likely to die as those children with higher blood glucose, regardless of malaria blood slide result. This finding is consistent with results from a smaller study of children with severe malaria in Mali, 8 although the cutoff proposed in the Mali study was slightly higher at 6.1 mmol/L (109.8 mg/dL). Similarly, a retrospective review of admissions in Kenya showed that the odds of dying were increased twofold in children with an admission blood glucose 5 mmol/L. 9 It is unclear whether the association of excess mortality in children and low-normal blood glucose represents a causal link or residual confounding. It is possible that the association between low-normal blood sugar and mortality that we observed could simply be because of the increased risk of true hypoglycemia later in the admission; in children with malaria, one-half of all post-admission cases of hypoglycemia occurred in children who were hypoglycemic at admission in one study. 14 We found no published data exploring an association between low-normal blood sugar on admission and true hypoglycemia occurring later in the admission. Additional observational studies exploring the relationship between sequential blood sugar readings and mortality in children are indicated. Although hypoglycemia occurred less frequently in children with non-malarial illness, it was associated with a high case fatality in this group, and studies exploring the excess mortality associated with low blood glucose should involve children with and without malaria.
In children with malaria, we found an almost threefold increased risk of invasive bacterial disease if the blood sugar on admission was 5 mmol/L, and there was a similar trend in children without malaria (although among these children, the association did not reach statistical significance). The association of hypoglycemia with bacterial sepsis in children is well-documented, 1, 6, 15, 16 and low sugar is a candidate to act as an indicator for antimicrobial treatment in children with severe malaria. This information is particularly important in African hospitals, where over one-half of all pediatric deaths occur in the first 48 hours of admission 17 and admission assessments are often cursory. 18, 19 In a logistic model, we found a strong association between hypoglycemia and jaundice in children with negative malaria slide results. Given the extremely high mortality observed in this group, the association may be an agonal failure of hepatic gluconeogenesis. As noted previously, 14, 20, 21 a strong association was also observed between hypoglycemia and acidosis (represented by hyperlactatemia) and its clinical correlate of deep breathing. Where blood glucose testing is available, it is most commonly restricted to children with altered conscious level. Broadening the testing strategy to include those children with deep breathing and jaundice in addition to those children with altered consciousness would still have failed to identify one-third of children with hypoglycemia.
The pathogenesis of hypoglycemia in infection is incompletely understood. In adults with severe malaria, there is an estimated rise of 50% in the basal metabolism of glucose 22 ; however, in children with severe malaria, reduced production of glucose, possibly caused by a fasting state and poor glycogen reserves, may be more important. 23 Very few studies have explored glucose metabolism in children with non-malarial infection, and it is difficult to determine whether the finding of a strong association of hypoglycemia with H. influenzae group B but not S. pneumoniae represents a true pathophysiological link.
Limitations of our study include that we had no laboratory gold standard measure for blood glucose. Although the Hemocue system performed well in normoglycemic and hypoglycemic adults with minimal bias, 11, 24 we are not aware of any published studies validating its use in severely ill African children. Nonetheless, clinicians in resource-limited settings are unlikely to have access to laboratory gold standards and will be reliant on pointof-care diagnostics for the foreseeable future. As already discussed, the absence of serial blood sugar readings in our study limited our ability to describe more fully the relationship between blood sugar and mortality.
It is reasonable to question whether an improvement in the identification of children with poor outcome from 79.4% to 88.8% achieved by testing all children and using a cutoff of blood glucose 5 mmol/L (Table 3) is worthwhile given the costs involved in testing. This answer will depend on the local costs and availability of the tests, whether such a system could facilitate early discharge or different levels of care, and whether the excess mortality can be effectively addressed.
In conclusion, our data highlight the importance of measuring blood glucose in malarial and non-malarial febrile illness. Our data support two cutoffs for low blood glucose: one cutoff for determining the need for urgent glucose therapy to treat a physiological state that may be because of hypoglycemia and one cutoff for indicating increased mortality. Determination of blood glucose can act as a useful marker of increased mortality in children with severe febrile illness. Additional studies are required to determine if the excess mortality in children with low admission blood glucose (above the recognized cutoff for hypoglycemia) could be reduced through specific interventions.
